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ANEWMEASUREMENT OF CP VIOLATION PARAMETERE ‘/E 

TakuYAh&NAKA 

Fermi National Accelerator Laboratory, P.O.Box 500, Batavia, IL 60510. U.S.A. 

The E731 cxpziment at Fermilab has measured the CP violatiott pammeter RF&‘/E) in KLs’~n 
decay. Four decay modes were collected simultaneously to reduce systematic -. The result is 
Re(e’/e)= -0.ooO5 f 0.0014 (stat) f O.GOO6 (syst), and gives no evidence for direct CP violation. 

E73 1 is a collaboration of University of Chicago, Fermilab, 
Elmhurst College, Princeton University, and Saclay. 

1. INTRODUCTION 
The existence of direct CP violation can be tested by 

measuring the double ratio of branching ratios : 

= 1--6RC(E’I&) 

The standard model1 predicts Rc(e’k)= O(1W3) whereas 

the superweak tncde~ predicts 0. 

2. EXPERIMENT 
2.1. Technique 
In order to reduce systematic amrs, K, and KS decays 

VJQC taken simultaneously using the same bigger and d&c- 
tar. TheKsbeamwumadebyplacingarcguwatorinoae 
ofhvopamilelKLbeams.‘IhirtccbniqttcrcducedmCeffuX 
ofcbanguinclulmbagas~grin,ahrimmrapoare, 
accidental activity (which can be different between cbargcd 

and neutral detectors) to high order. 
The dtsadvantage of this technique is that we had to nly 

5” Monte Carlo to fti the detector acceptance as a function 
of decay vertex because of a large lifetime difference be- 
tween K, and K,. In order to check the acceptance and de- 
tector pafonnancc, we took > 100 limes more &, and 

~~+n’Jz+%c’J events compared to the KL+2n events. 

Kaons wm produced by 800&V protons incident at 5 
d on a beryllium larget The rcgmcrator WaS located 

123111 dovmshrant of the targeL 

The new result is based on 20% of the full data set; in 
this sample, all four males were recorded simultaneously. 

2.2. charged mode 

Kuawc+n- cventa were uiggemd by requiring two 

charged particles and no muons. The position and momen- 
tum of the charged pions were measured by four drift cham- 

has with a nsohttion of lOOpm, and a spectrotn%er magnet 

with pr kick of 0.2GeVlc. The good kaon mass resolution, 

3.4MeV/cz, eliminated KL+a+r‘rO events andlargely m- 

dueed background from K,+nev. Tlte squared txansveme 
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Fig. 1. a) Distribution in decay vertex for K~+x+n- 

events. The line (dot) is for data (Monte Carlo). b) Ratio of 
data to Monte Carlo. This ratio would follow the dashed 
he wet=5 thcr~ an a~c~ptame am ltvge enough to cause a 
2% shift in the KS to K, ratio. 



momentum of the n+x‘ system with respect to the initial K, 

direction, pi?, was used to subhact non-cohmnt tegenera- 

tion background in the KS beam and K,, background in the 
KL beam. The background in the K, and K, samples were 
(0.13f0.01)% and (0.31M.06)%,, respectively. 

Figure 1 shows the KLdecay z-vertex disaibution, and 
the ratio hchvem data to Monte Carlo. The excellent agree- 
ment shows our good understanding of the acccptanc.e. 

2.3. Neutral mcdc 
A leadglass calorimete.riocated 181m from the target was 

used to measure the energy and position of photons from 

K,,+r”z” cvmts. The tteuti mode trigger required a total 

energy deposition > 3OGeV and four or six clusters found 

by a trigger prowsso?; a cluster is defmcd by a group of 

neighboring blocks, each of which had more than l&V de- 
posited. The magy resolution of the glass was about 

1.5(2.5)%+5%/~E for electrons (photons), and the position 

resolution was about 3mtn. 
Figure 2 shows the invariant mass disaibution for the K, 

candidates. The background, caused by photons from 

KL-+3n0 missing the leadglass. is reduced to 0.37%. by 

eleven planes of “photon vetoes” placed outside the solid 
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Fig.2. Invariant mass diseibution for KL+21P events. 
The histogmn is the &la, and the dots are the Monte Carlo 
for the KL-+3n0 background, absolutely normalivd 
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Fig.3. The ‘ring plot’ around the centex of the vlrum 
beam for 2x0 events The histogram is data, and the dots 
zue; absowly normalued background predtcted by 

angle of the leadglass array. 
The major background in the neutral mode comes from 

noncoherent regeneration events at the regenenucr, which 
arrnot~wellrcsolvtdarinthechngedmodckuurcwc 

do not have as good a masotanent of Pg. The back- 

ground was sub&acted by uing a plot of the eve-at den&y in 
cavrnlricringsawayfromachbum. Fig.3rhmvamcha 
plotforthevactttlmkun. lItcove&idpoin*mlkabSw 

Monte Carlo simulation where the Pg shape is measured by 

the charged mode events. The background was 
4.66fo.1446 for K, and 2.58M.O7% for K,. 

2.4. Monte Carlo simulation 
A detailed Monte Carlo simulation of the beam and the 

detector properties was used for the acceptance comction. 
TbCMXllCCdO~: 
a) simlaed photoa duster ahape by using electron dam aed 

EGS-simulation4, b) initial photon conversion in ti lead- 

glass, c) diffaent light attenuation lengths in the glass 
blocka which~mcaarrrrdbyelecuoocalibtatiat,d) 
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shower leakage checked by data and EGS, e) inherent phw 
tohhe resolution measured by a flasher system, f) internal 
and extcmal radiation, g) detector configuration and aper- 
tures which are found by Ke3 and p nacks, h) drift chamber 
wire efficiencies and a few dead wires found by ,K+3 and p 
m&s, j) dead time in the drift chamber electronics, and k) 
capability of overlaying accidemal activity. The only tigs 

which did not come from the fast principles are the K” and 

Ko momentum spectra and the beam shape; adjusting them 

had little effect on results. We did not even have a tunable 
parameter to adjust the leadglass rcsolu~ion, but the simula- 
tion reproduced the non-linear and nowgaussian response of 

a lead glass block to photons (studied with z+x‘x” decays). 

3. EXTRACTION OF E’/E 

we required that the lTconsmckd z-verkx to be between 

12Om and 137m from the target, and tbc mconsh’ucted kaon 

manenkm to be behvem 4oGeV and 1SOGeV. The events 
were then divided into 1OGeV momentum bins for the fol- 

lowing corrections alai canaction of tbe result. 
First, corrections wem made for the backgrounds and the 

residual Ks decays in the KL beam The overall conrction 
to the double ratio was 25%. 

The number of evems was then corrected for the accep- 
tance of the detector, which arc listed in Table 1. Note that 
the difference between K, and Ks acceptance is small. The 
overall correction due to the acceptance is 4.4%. 

Table 1. Awe@mce 

-chnscd 

vaclmm beam 0.1885 0.5041 

regalaakd kam 0.1813 05064 

The data was then tit for a functional form of the ratio of 

inkgrated decay rates. The decay rate for vacuum (regener- 
akd) beam, Rv (RR), is givm by: 

G -Id 
R; _ b e-ill*.*- + 11x 1 

when p is tbe rcgeoeration amplimdc. and q is the ratio of 

amplitude of KL+2k to that of Ks+2x decay. The ratio of 
the inkgmkd number of regcnemted to vacuum decays, 
Rg&) for charged (neuhal) mode, is simply a function of 

lp,ql. Nok that since IpI- hl, tberatios areroughly 

4 = jR:&/jR:d -b/d and 

4-n =jRi”d#f+‘ltl,l 
thus 

K-m* = w&a 

R~(E’/E) was obtained by making a grand tit for both & and 

ho with floating regeneration parameters. The result is: 

Re(E’/E)= -moo5 f 0.0014 (Stat.) . 

4. SYSTEMATIC ERRORS 
The possible sources of syskmatic errors include uncer- 

tahyintheacceptance, cneqy scale and non-linearities in 
the lead-glass dekctor, backgrounds, snd accidental a&vi- 
ties. The total systematic error on the double ratio was 
0.38%. where each uncertainty is discussed here in detail. 

4.1. Acceptance 
we baVe Used the high SktiSti~S mUkS to eStbMk the 

possible systematic enw. 

For the newal mode, we modified the 2x0 auxpmwe by 

the mio of data to Monk Carlo obtained from 6 million 

KL+3zo events; the shift in Roe was 0.08%. 

For the charged mode, we used tbe same reclmique by 
using 10 million & evena. The shift in Q was 0.05%. 
Wealsomadcfitsin2mz-vertexbinatontafy.limiruktk 

We varied apemms. beam shapes. cm, and detector cffi- 
ciencies, and assigned a syskmatic uncertainty of =z 0.18% 
for each mode. 

4.2. Energy sccl&esolutionJnon-linearity 
The energy scales of charged and neutral decays have to 

be identical, since the single ratio depends on the kaon ener- 

gy; the KL decay rate is -E-t due to the fioik decay volume, 

andtheKsdccaymtcis~Et~duetorcgczesalion. 

The energy scale in chargal mode is easily determined 
by using the Ka mass. The overall shift that we made for 
the measumd field map of the spectrometer was ~0.4%. 



Each lead glass block was calibrated by special runs 

using electron positron pairs. The elccmx momcmum was 
measured by the same field map used for the charged mode. 
The calibration was also used to find the nonlinearity of the 

blocks. The calibration was good to 0.1% for elecuons, but 
there remained a rcsponsc difference between eleckuns and 

photons; the overall kaon energy was adjusted (-0.5%) by 

using the sharp edge in the Ks decay vertex at the mgenera- 
tar. The residual uncertainty in tbe mcrgy scale wsa 0.1%. 
The uncertainty in %. was less (0.03%) because we chose 
the fiducial region to make appmlrimakly the same number 

of K, decays leave at the downsueam boundary as they 
enter at the upstream boumlary when tbe energy scale was 
Shift.% 

There was however, an uncertaimy in the energy resolu- 
tion, and WC estimated a 0.2% uncertainty in &. 

4.3. Backgrounds 
The background levels and their uncerfaintia were dis- 

cussed before. The overall uncertainty in the double ratio 
due to the background subtraction is 0.18%. 

4.4. Accidental effects 
The accidental activity in the detector can cause good 

events to fail the analysis cuts. To fast order, this effect is 
appmximakly the same behvem K, and K, since the both 
decays are taken simultaneously. However, them could be a 
residual systematic error caused by the combination of the 
difference in the accidental acIiviIy behvem the trvo beams, 
andthcdiffacnceintheilluminatioarofKLBDdKa~ys. 

WebavcwUectedau5dentaleventstluuughoutt&nm 
withlakpTopationalmtbe-bum-; 
thcseeventshadapbotonclnster2.796oftbetimandm 
average of 8.5 chamber hits in totaL We overlayed the a& 
dental events on Monk Carlo events to study the possible 
effect The pmcedun reproduced a 3% loss in charged re- 
constmction efficiency for both beams over the intensity 
range of the data. There was, however, no asymmetry be 
wan K, and Ks events within 0.07% for either mode; the 
possible bias on the Roa,* from accidental activity is 0.10%. 

5. OTHER CHBCKS 

We used the same data and analysis to fit forrs and Am 

IO check our procedure. Neural and charged fits were con- 

SiSknt and the combined results were ss = (0.8902 * 

O.O021)~1@~~sec and Am = (0.534 f O.O09)xlO~ehsee-1. 

where the errors are statistical. The results are consistent 

with the accepted values5, giving increased coa6dence in 

OUT e’k? result 

6. THE RESULT AND CONCLUSIONS 
Our final result is : 

Re(E’/E)=~.~~*o.o~4(S~~~.~sy~). 

We conclude that : 
a) the result is consistent with zcm, and does not confirm the 

recent evidence for tit CF tio~atic&: 

b) the result is consistat with the superweak model2 and 

also consistent with the standard model with a bigb top 

quark mass’l. 

Thestatisdcslexrorwillbefmtber~ucedwhcnweana- 
lyze the full data set 
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